






































Allo  stato attuale,   la  ricerca si  concentra su due obiettivi  a  breve­medio  termine:   la 
























membranes,   and   the   synthesis   of   genetic   systems   to   be   inserted   inside   those 
compartments in order to direct their self­replication and self­maintenance.
A   specific   in   vitro   translation   system,   named   the   PURE   system,   enclosed   inside   a 







order   to   characterize   its  metabolic   properties   according   to   the   analytic  methods   of 
Systems  Biology, and giving experimentally­testable predictions about it.
This   thesis  gives  a  comprehensive account  of  our  development  of   the  most  detailed 

















Evolution   could   well   be   argued   to   be   the   apex   and   culmination   of   the   scientific 
enterprise.   An   elegant,   powerfully   explicatory   theory,   it   does   away  with   the  many 
untenable assumptions about life rife in pre­scientific thought. It also provides us with 











of   the   first   self­replicating   system  and   the   functioning   of   evolution's  most   complex 
product   (the   human   brain),   stand   as   the   last,   most   arduous   and   most   engaging 
challenges biologists are left to face.










1. abiogenesis,   the   emergence  of   life   from  non­living  matter   through   a   gradual 
increase in chemical complexity ('molecular evolution');
2. panspermia,   the  'insemination'  of   the Earth by  life  forms,  or  direct precursors 
thereof, brought here by fallen space objects (meteorites, etc);
3. divine intervention.
The   last   two   proposals   merely   defer   the   problem,   and   so   are   not   satisfactory 
explanations. Panspermia has nothing to say about how our alleged alien ancestors came 
to be, while divine creation does not account for the origin of the divine creator (who 














































instantaneously.   A   popular   practical   definition   among   researchers   focuses   on 
homeostasis:   “a   system   can  be   said   to   be   living   if   it   is   able   to   transform external  
matter/energy into an internal process of self­maintenance and production of its own 
components. ” [Luisi, 2006]
Fig. 1 – An elementary life form? This  
compartmentalized system homeostatically maintains  
its own separation from the outside world.
1.3. Toward a Self­Replicating Vesicle




















This   peculiar   formation   kinetics  may  have   some  bearing  on   the  distribution  of   the 
chemical species entrapped inside the vesicles (more on this later).
Fig. 3 – Types of aggregates formed by 
amphipathic molecules. (A) Monolayer; (B)  
bilayer; (C) liquid-crystal phase lamellar; (D)  
micelles; (E) hexagonal micelles; (F) liposomes;  
(G) reverse micelles.
Fig. 2 – An example of molecular self-organization. Molecules with both polar and apolar  
regions spontaneously assemble in solution to form an ordered structure.
Elementary autopoietic structures such as liposomes are not living, since autopoiesis is a 




Indeed,   liposomes,   as   well   as   micelles   and   reverse  micelles,   can   incorporate   free 
hydrophobic precursors (e.g., fatty­acid methyl esters) and convert them into membrane 
components.   If   the   uptake   rate   is   greater   than   the   degradation   rate   of   their   own 
constituents, the vesicles grow until either they reach a homeostatic equilibrium or they 
divide [Walde, 1994].





encoding'   system.   For   instance,   [Kita   et   al.,   2008] 
have liposome­encapsulated a Q  replicase, an RNA­β




system  is   not   self­sustaining:   there   is  no  metabolic 
regeneration   of   substrates   and   enzymes,   so   that 
liposomes undergo substrate depletion and enzymatic 
inactivation.  Furthermore,   it   suffers   from  low   replication  efficiency  and   there   is  no 
coupling mechanism between genotype replication and vesicle division.






Unfortunately,  a   coupling  mechanism has  so   far  eluded  implementation   in   synthetic 
approaches to the study of the origin of life.





















Fig. 6 - Surfactant  
molecule
Fig. 7 - Types of vesicle constituents
Fig. 8 - Constituents of micelles, reverse micelles
No   matter   what   the   preparation   method,   we   always   end   up   with   a   mixture   of 
heterogeneously­sized   liposomes   (typically,   20­2000   nm),   size­distributed   in   a 
controllable  manner   according   to   the   particular   experimental   conditions   set.   Giant 
vesicles up to 100 µm can be obtained by variant methods, e.g. electroformation [cf. 
Angelova, 1988].





Table 1 shows some interesting geometrical  properties  of  unilamellar  (simple single­
bilayer) POPC liposomes. It  is relevant to note here one implication: the smaller the 
internal   liposome volume,   the   lesser   the   total  enclosed volume by all   liposomes   (in 
conditions of constant initial POPC concentration, and fixed reaction total volume).






Fig. 9 - Possible aqueous surfactant aggregates
1.5. The PURE System
Most of the attempts to create a self­sustaining self­replicating protocell make use of 









complete   list),   representing   the  E.   coli   translational  machinery,   fused with  an hexa­
Histidine tag for easy purification. These constructs are cloned and over­expressed in E. 
coli cells, and later retrieved by Ni2+­affinity chromatography. Ribosomes are uniquely 
isolated by sucrose­density­gradient  centrifugation.  The  isolated compounds are  then 













Fig. 10 - The metabolic pathways making up the PURE translation system
As anticipated earlier, a PURE­system­enclosing liposome is a quasi­cellular environment 
in   that   it   makes   a   compartmentalized   genome­expressing   entity   with   a   primitive 
metabolism.
A PURE­enclosing liposome is of course not a living cell even if programmed to self­
replicate  its  own genetic  molecule,  because  it   lacks  full  homeostatic  abilities    and a 
genotype­phenotype   coupling   mechanism.   Nonetheless   it   can   be   regarded   as   a 
significant step toward the development of the first minimal living cell, or a cell capable 









'Emergence'   refers   to   the arising of  novel  characteristics  of  a   system,  which are not 









Systems  Biology   is   the   name   of   the   discipline   aiming   to   understand   the   emergent 
behavior of biological entities by analyzing the interactions of their components (e.g., 
enzymes and reagents in a metabolic network). 
The development  of   computational  models  of   such  systems  is  one of   the  main side 
objectives.   The   reason   is   that   organized,   complex   systems,   as   are   those   studied  by 
systems   biology,   are   defined   to   have   many   parts   displaying   a   high   level   of 
interconnectivity,   typically  across  different   scales  (subsystems  in a  hierarchy),   so   the 









methods  developed   for   systems  biology  may  have  a   central   role   in   the   advance  of 










(bio)chemical   systems.   Their   time   course   was   typically   described   by   differential 
equations of the form: dXi/dt = ft  (Xi,...,Xi,...,Xn),  called the  'reaction rate equations', 
with ft being dependent on the specific reaction modeled.
Deterministic models of this kind are suitable for bulk reactions, where large numbers of 




Stochastic   simulations,   by   contrast,  more   closely  mimics   the   real  molecular   events 
underlying chemical reactions, taking into account randomness as a factor which may 
affect   the  macroscopic  behavior   in   certain   circumstances.  Stochastic   simulations   are 






molecules   at   a   time.     One­reagent   reactions   are   intended   to   model   internal 












1. the state­change vector vj = ( v1j [....] vN  j ), where vij  is the molecule number 
variation affecting species Si after reaction Rj;
2. the propensity function aj, whose area under the curve gives the probability of 























3. firing of the chosen reaction, while the system is updated: t   t +  ; x  x + v← τ ← j
4. output (x, t)
5. return to 1 or quit the simulation.








instance,  Gillespie's  own slow­scale  SSA),  or   'jumps'  across   simulation  time  intervals 
when propensities are set to 0 (  leaping) [Gillespie, 2007].τ
Besides stiffness, there are inherent limitations in the way Gillespie's SSA works, such as 
the   inapplicability   to   anisotropic   systems   and   the   still   high   computational   time 
requirements.
However, while waiting for the development of new, more universally applicable and 












properties  and behavior   in order   to  pinpoint  exact  parameters,  or  obtaining  specific 
predictions, which will allow to experimentally validate it.



















A   second objective   is   to  examine  the  difference   in  protein  yield  consequent   to   two 
alternative   initial   molecular   distributions   of   the   Pure   system   reagents   inside   the 
liposomes.






liposomes carry very  little or no solutes,  while a  few super­crowded vesicles emerge 
[Luisi, 2010]. 
This effect was first suspected when very small Pure­containing vesicles (d < 100 nm) 









The Pure system is made up of  many different  species so we must consider  the co­














for  the  increasingly concentrated solutions,  most  liposomes (70%) were found to be 
actually empty, with a small fraction (ca. 0.1%) carrying up to 300 ferritin molecules, 
irrespective   of   initial   ferritin   concentration.     These   frequency   values   are   widely 
discordant  with   the   expected   Poisson   probabilities.   For   example,   100­nm   liposomes 
containing  100   ferritin  molecules   formed   in   a   4   µM  ferritin   concentration   solution 
should have a frequency of 10­159, not 10­3.
The   observed   frequencies   are   best   described   by   a   power­law   distribution.   Another 
interesting empirical finding was that the vesicle super­crowding level was connected to 











































of   entrapped  molecules   makes   it   unnecessary   to   take   into   account   the   frequency 
distribution around the average numbers (calculated as explained in the next chapter), 
since the final protein yield is not significantly affected by it. 










A   second   series   of   experiments  was   performed  with   solute   entrapment   by   vesicles 
described by a vesicle­volume­dependent, but solute­concentration­independent, power 
law. 










which   recapitulate   translation   initiation,   elongation   and   termination,   activation   and 
acylation   of   aminoacids   to   tRNAs,   formylation   of   initiatory   Methionyl­tRNAs,   and 
regeneration of depleted ATP and GTP. 
To the best of our knowledge, this is the most detailed formalization in existence to date, 
and   hopefully   one   of   the  most   accurate.     Decisions   concerning   how   exactly   these 
biochemical  networks were to be broken down into elementary steps were primarily 
guided by the need to maintain the general consistency of the system. 
For   instance,   every  newly­synthesized  protein  molecule  must   effect   a   corresponding 
decrease   in   the   free   aminoacid  pool.   Since   the  GFP   transcript  was  modeled   to   be 











1. tRNAs,   aminoacids   and   Aminoacyl­tRNA   Synthetases   are   simulated   as   single 
species. The only exception is the formyl­Methionine synthesis pathway, because 
of its unique importance in translation initiation.
2. every   round  of   translation  gives  a   complete,  300­aminoacid  protein.   In  other 


















For   instance,   it   has   been   experimentally   observed   that   a   new   elongating   ribosome 
appears on an mRNA molecule every 3.2 – 16.0 s [Kennell, 1977], with a mean of 5.3 s. 
This suggests that the initiation rate constant be 1 / 5.3 s = 0.18 s­1.
















dependency   on   varying   volumes   and   solute   distributions,   simpler   responses   were 











Fig. 11 - GTP, ATP time course in an actively transcribing  













































its  heavy consumption by  translating  ribosomes. 
Besides, its concentration is directly impacted by 

















Fig. 12 - The adenosine phosphate  

















In   this  case,   the  luciferase  enzyme was  being synthesized  in vitro  by an S30­E.coli­
extract­based   translation   system;   GTP   and   phosphocreatine   made   the   reserve 
phosphodiester  bond donors,  while  ATP was the depleted species,  being a  luciferase 
substrate.
A   different   system   dynamics   is,   anyhow,   possible.   The   preceding   case  was  mostly 
pursuant   to   [Ueda,   2001]   and   [Shimizu,   2005]   as   they   reported   the   species 
concentrations. 
Fig. 15

































The   investigated  volume   ranges  are  different   for   the   two   series   because  of   a  wide 
variation in the prospected efficiency. Specifically, it was already known to us that the 
































to  the PURE system, occupy 1002  lines and 235 columns. One­hundred such files were  
generated per simulated volume.




















Fig. 19 - This plot is the graphic mean of twelve data sets (that's the reason why the  
protein molecule numbers are not integers). The effects of chance are visible here as  
distortions of the plot curve.






























Fig. 20 - Protein Yield vs. Volume in the Poisson­distribution series of liposomes. 
There is an absolute maximum for volumes between 4*10­16 and 3*10­16 L.
So the 'Optimal Liposome' is predicted to be approximately 850 nm in diameter.















































Fig. 22 - Experimentally observed power-law relationship  
between supercrowding level and vesicle volume.


























The results  show a particularly poor protein  production efficiency,  which peaks at  a 
volume of 5*10­19 before plunging to virtually zero.
The dotted line in the graph is a proposed trend line, which follows a power law.
Translation   efficiency   for   volumes  <   10­18  L   results   however   higher   than   the   one 
predicted for the corresponding liposomes from the Poisson distribution series.
Fig. 24 – Protein synthesis efficiency vs. vesicle volume for power-
law-distributed solutes.
























approach:  an  in   silico   stochastic  model  of   the  PURE system has   revealed  metabolic 
properties   which  would   elude   a   traditional   experimental   approach   and   which   are 
altogether  impossible to detect via certain alternative systems biology methods (e.g., 
deterministic simulations).









It   doesn't   look   likely,   of   course,   since   that   value   has   been   established   for   entities 
endowed with very specific metabolic pathways run by modern­day enzymes.
But our own very existence in the face of astronomical odds to the contrary, after all,  
should teach us not to dismiss too easily even huge improbabilities.
The fact was shown, however, that systems biology methods in general, and stochastic 
simulations in particular, can be extremely valuable tools in synthetic biology research.
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